We have developed the single-strand linker ligation method (SSLLM) 
INTRODUCTION
We are constructing the mouse fulllength cDNA encyclopedia, a comprehensive collection of full-length cDNAs (2) (3) (4) and their complete sequences. These will contribute to a wide range of biological studies, genetics, diagnostics, and drug development. We have been using G-tailing to prime the synthesis of the second-strand cDNA of Cap-Trapper libraries (2, 3) , which sometimes affects sequencing and translation. Alternative methods for priming the second-strand cDNA are homopolymeric tailed priming vector (17) , RNA ligation (1), which, because of low efficiency, requires PCR (5, 16, 24) and, worse, sequence preference (1, 7, 8, 13) , and RNaseH/DNA polymerase I synthesis, which causes trimming of the 5 ′ end cDNAs (6, 11) . We describe the preparation of Cap-Trapper cDNA libraries (2) with the new singlestrand linker ligation method (SSLLM), based on joining ds linkers having a random 6-bp protruding ends to fulllength ss cDNA with DNA ligase.
MATERIALS AND METHODS

Oligonucleotides and Linkers
The oligonucleotides (Life Technologies, Tokyo, Japan) were purified as described in Reference 19. We prepared the GN 5 linker by mixing oligonucleotides A (5 ′ -AGAGAGAGAG -CTCGAGCTCTATTTAGGTGACAC -TATAGAACCAGNNNNN-3 ′ ) and B (5 ′ -TGGTTCTATAGTGTCACCTAA-ATAGAGCTCGAGCTCTCTCTCT-3 ′ ; 5 ′ end phosphorylated). The N 6 linker was prepared by mixing oligonucleotides B and C (5 ′ -AGAGAGAGAGCT -CGAGCTCTATTTAGGTGACACTAT -AGAACCANNNNNN-3 ′ ), both in 100 mM NaCl and incubated at 65°C for 5 min, 45°C for 5 min, 37°C for 10 min, and 25°C for 10 min. The sequence for testing "check DNA" was 5 ′ -GAG -AGAGAGAAGGATCCAAGAGCTC -TTTTTTTTTTTTTTTTVN-3 ′ (V = A, G, or C; N represents any nucleotide).
Pilot Testing of SSLLM
DNA Ligation Kit version 2 (Takara, Tokyo, Japan) was used for SSLLM. Ligation substrates, Solution I, and Solution II were always mixed in the ratio of 1:2:1 and always incubated at 10°C. For testing, we labeled 2 µ g check DNA with 3 µ L [ α -32 P]ATP (3000 Ci/mmol, 10 mCi/ µ L, Amersham Pharmacia Biotech; Piscataway, NJ, USA) and T4 polynucleotide kinase (Takara), followed by phenol/ chloroform extraction and ethanol precipitation (referred to as "purification") (19) . For the SSLLM, we incubated 10 ng 32 P-labeled check DNA and 100 ng mixed linkers (molar ratio of N 6 :GN 5 , 1:4) in 20 µ L for 30 min or overnight. To assess the efficiency of linker ligation, 2 µ L samples were run on a 10% denaturing polyacrylamide gel (19) . The image analysis was performed with BAS 2000 bio-imaging system (Fujifilm, Tokyo, Japan).
Using the SSLLM with a Test cDNA
To determine the ligation conditions for cDNAs, a test first-strand cDNA from 5 µ g 7.5-kb poly(A)-tailed RNA (Life Technologies) (3) was used, except that Cap-Trapping was omitted with [ α -32 P]dGTP as a tracer. We combined 50 ng 7.5-kb cDNA at various amounts (200 ng to 2 µ g) of linker (N 6 or GN 5 ) in 30 µ L reaction volume and incubated overnight. Samples were incubated with 0.2 mg/mL proteinase K in 10 mM EDTA/0.2% SDS (reaction volume, 40 µ L) at 45°C for 15 min. After phenol/chloroform extraction and back-extraction (3), linkers in excess were removed with Sephacryl ® -300 (Amersham Pharmacia Biotech) followed by isopropanol precipitation. To check the efficiency of second-strand cDNA, we used 10 ng purified samples in a 10-µ L reaction containing 1 µ L 10 × ExTaq ™buffer (Takara), 1 µ L 2.5 mM dNTPs, 0.5 µ L [ α -32 P]dGTP, and 0.5 µ L Ex-Taq (Takara), incubated at 65°C for 5 min, 68°C for 30 min, and 72°C for 10 min, and then analyzed by alkaline gel electrophoresis.
Preparation and Analysis of a Full-Length cDNA Library
Cap-Trapper full-length first-strand cDNA was prepared from 10 µ g mouse liver and brain poly(A)+ mRNA (3) and 200 ng was used for both the Gtailed (control) (3) and for the CapTrapper/SSLLM cDNA, to which we ligated 2 µ g mixed linkers (molar ratio of N 6 :GN 5 , 1:4) overnight in 30 µ L final reaction volume ( Figure 1A ). The second-strand cDNA ( Figure 1B ) was synthesized by adding 6 µ L 10 × ExTaq buffer, 6 µ L 2.5 mM dNTPs, and 3 µ L ExTaq (Takara) in 60 µ L. After 15 s at 65°C, 3-µ L aliquots were labeled with 0.5 µ L [ α -32 P]dGTP to run on alkaline gel electrophoresis; incubation followed at 65°C for 5 min, 68°C for 30 min, and 72°C for 10 min, followed by purification of the samples (19) . In control reactions, we used cDNA without linkers. cDNA was digested with Bam HI (25 U/ µ g cDNA; New England Biolabs, Beverly, MA, USA) and Xho I (25 U/ µ g cDNA; New England Biolabs) at 37°C for 1 h ( Figure 1C ) and purified (3). We ligated 10 ng cDNA to 190 ng of the lambda FLC-I vector, which carries two loxP sites (12) (P. Carninci, manuscript in preparation). After packaging (MaxPlax ™; Epicentre, Madison, WI, USA), cDNA libraries were amplified as described (19) in C600 cells. We isolated library phage DNA from 1 mL amplified phage solution using Wizard ® Lambda Preps DNA Purification System (Promega, Madison, WI, USA). We converted one-fourth of the phage DNA to plasmid with 1 U cre-recombinase at 37°C for 1 h in 300 µ L as recommended (Novagen, Madison, WI, USA), and then purified (19) . The bulk-excised plasmid libraries were electroporated into DH10B ™ cells (Life Technologies). We extracted the plasmids (19) from 36 clones/library and sequenced the inserts from the 5 ′ ends with M13 forward primer, BigDye ™Terminators (Applied Biosystems, Foster City, CA, USA), using an ABI P RISM ™ 3700 DNA sequencer (Applied Biosystems). We searched with BLAST2, a nonredundant database including GenBank ® , EMBL, DDBJ, and PDB sequences, but not EST, STS, GSS, or HTGS sequences. Figure 1 outlines the ligation steps for preparing Cap-Trapper/SSLLM full-length cDNA libraries. Linkers had 3 ′ overhangs of six degenerate bases to efficiently anneal the ss cDNAs while keeping the complexity of the annealing oligonucleotide low (4096 combinations) and, thus, hybridize efficiently. Moloney murine leukemia virus (MMLV) reverse transcriptase adds, either in a template-independent or capdependent fashion, 1-3 deoxycytidines to the 3 ′ terminus of cDNA (20) , as confirmed in 112 of 142 clones from an in-house collection of abundantly expressed genes. Therefore, we prepared the GN 5 linker (GNNNNN overhang) in addition to the N 6 linker (NNNNNN overhang).
RESULTS AND DISCUSSION
Designing the Linkers for SSLLM
Pilot Test of the SSLLM
We ligated N 6 /GN 5 (1:4) mixed linkers to the ss check DNA using DNA Ligation Kit version 2, which contains polyethylene glycol (PEG) to accelerate the reaction. The efficiency of the check DNA-linker overnight ligation was 88% (Figure 2, lane 1) , much higher than conventional ligation (10%; data not shown). This use of check DNA was suboptimal because its 3 ′ (...TTTTVN) is not random, as expected for a population of cDNAs. In fact, only 12 specific linkers were used (12/4096 fraction or 0.29%), which are complementary to the 3 ′ end of the check DNA among the existing dN 6 combinations. For random cDNAs, even with the high GC content of 5 ′ untranslated regions (UTRs), we do not expect sequence bias because we used a several hundred times excess of linkers. 
Using the SSLLM with a Test cDNA
We tested the ligation with various amounts of N 6 and GN 5 linkers and 50 ng of a single 7.5-kb cDNA. When sufficient linker (2 µ g in this example) was used, the second-strand synthesis is efficient and yields products of the same size as the first-strand cDNA ( Figure  3A, lane 8) . Since first-and the secondstrand cDNAs have the same electrophoretic profile, there is no detectable internal priming. In contrast, the control lane ( Figure 3A sults from a hairpin loop at the 3 ′ end of the first-strand cDNA, which primes the second-strand cDNA (17, 22) , similar to the pattern obtained with an insufficient quantity of linker. The GN 5 linker ligates better than the N 6 linker ( Figure 3A, lanes 1 and 4) because of the addition of dC residues by the reverse transcriptase at the 3 ′ ends of cDNAs. Although this activity is slightly more effective for the capped mRNAs (20) , our data for this and the other three templates (data not shown) suggest that cDNA deriving from uncapped RNA (4) can be efficiently cloned with the GN 5 linker. To maximize the linker-ligation efficiency, we mixed the GN 5 and N 6 linkers at a 4:1 ratio (not shown).
Preparation and Analysis of a cDNA Library
We prepared mouse liver and brain cDNA libraries with the Cap-Trapper/G-tailing method (2) and by CapTrapper/SSLLM. With brain cDNAs, 5.83 µ g Cap-Trapper/G-tailed cDNA and 166 ng Cap-Trapper/SSLLM produced 3.04 µ g (52%) and 73 ng (44%) second-strand cDNA, respectively. Since the final phage titers were around 1 ×10 6 plaques when 10 ng cDNA were used for cloning, this showed that SSLLM is suitable for high yield and titer. Together with the demonstration that there is no shortening of secondstrand cDNA because of internal priming ( Figure 3B ), we think that the cDNA molecules are correctly ligated. Gel filtration with Sephacryl S300 was found essential to eliminate most of the unreacted linkers, which would compete with cDNA and affect the restriction/cloning steps ( Figure 1, C and D) .
After bulk excision, we sequenced the 5 ′ ends of clones prepared with Cap-Trapper/G-tailing and Cap-Trapper/SSLLM. Sequence comparison showed that all of the identified clones (10, 16) had the first ATG (not shown) and were considered full-length (21) , showing the suitability of SSLLM for full-length cDNA cloning.
Advantages of the SSLLM
Any homopolymeric tail-based cloning is not recommended because of uncontrollable tail length (up to 2 0 000 nucleotides for dA and dT) (14) and sequencing impairment due to slippage, which is not observed with 5 ′ end direct sequencing of SSLLM clones even with direct colony PCR. This is beneficial to overcome low template concentration and limited plasmid growth due to length or toxicity of cDNA inserts (23) . Although the G-tailing reaction is self-limiting to 15-30 nucleotides (14) , this has sometimes interfered with sequencing. Long G stretches, now replaced by SSLLM, may also interact with mammalian 5 ′ UTRs, for which the average GC content is 60% (18) , forming strong secondary structures in full-length libraries.
Since the annealing efficiency of AT-rich and GC-rich overhangs is equivalent (9), SSLLM linkers should allow the preparation of high-complexity libraries without the sequence bias that was shown for RNA ligase (DNAand RNA-dependent) (7) . SSLLM clones are also transcription and translation "friendly" and are suitable for expression cloning (10,15) (not shown). SSLLM also avoids the use of MnCl 2 or C ο Cl 2 , required in tailing reactions, which have sometimes caused degradation of cDNA. Finally, the SSLLM might be used as universal ss -DNA priming method [e.g., in cloning 5 ′ ends of genes by using rapid amplification of cDNA ends (RACE)], replacing RNA ligase (with DNA substrates) and homopolymer tailing.
INTRODUCTION
The vascular endothelial growth factor (VEGF) is one of the major angiogenic factors implicated in the neovascularization of human tumors. High levels of VEGF correlate with aggressivity and bad prognosis in human tumors (5) . VEGF mRNAs are usually analyzed by classical northern blotting, which is time consuming and difficult to apply to low amounts of mRNA, or by qualitative RT-PCR (10). Quantitative RT-PCR using endogenous mRNA as control (3) has also been described. However, the level of control mRNAs classically used, such as GAPDH, actin, or HPRT, could vary under certain conditions, rendering this approach poorly reliable. We have developed a new quantitative RT-PCR method to precisely determine the levels of VEGF mRNA in cell lines and tissues of different origins. This method is based on a competitive RT-PCR using an artificial RNA as an internal standard (11) . It constitutes a practical tool for researchers and clinicians.
